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μm quantum-dot diode lasers directly grown on CMOSstandard (001) silicon
Si Zhu 1,a) , Bei Shi 1,a) , Qiang Li 1 , and Kei May Lau 3 become a competitive solution as it potentially provides a low-cost solution for mass production 7 .
Recent efforts are devoted to perfecting the gain elements and defect engineering in III-V on Si heteroepitaxy.
III-V quantum dots have proven superior optical properties and high tolerance to defects in lasers directly grown on silicon 8 . GaAs-based QD lasers on Si in 1-1.3 μm range have demonstrated excellent performance with diverse designs [9] [10] [11] . However, to extend the emission wavelength of InAs/(In)GaAs based QDs beyond 1.3 μm has been challenging [12] [13] [14] . Specifically, development of QD lasers on Si emitting at 1.55 μm band is important, for low loss transmission in mid/long-haul communications and for compatibility with commercial Erbium Doped Fibre Amplifiers (EDFAs)
to enable dense-wavelength division multiplexing (DWDM). Our effort has been devoted to the investigation of 1.55 μm-band emission from InAs QDs embedded in InP-based alloys 15 . A few ternary/quaternary alloys lattice-matched to InP are tunable to demonstrate lasing ranging from 1.2 to 2 μm 13 . We have previously reported the room-temperature (RT) optically-pumped C-band QD laser on CMOS-standard (001) Si 16, 17 . To take a step further toward electrically pumped diode lasers, two major challenges have to be carefully addressed. The first is associated with crystalline defects due to the structural mismatches between III-V materials and Si. Especially for InP, the lattice mismatch with Si is ~ 8%, twice the mismatch between GaAs and Si (~ 4%). The second issue originates from the complex growth kinetics and the weak driving force for QD formation on InP, which makes them more difficult to grow than InAs/GaAs QDs. In this work, by well addressing these two major challenges, we demonstrate the room-temperature electrically-pumped InAs QD laser on (001) Si operating at the 1.5 μm telecom-band. In contrast to most reported works using 2-6° offcut Si towards (110) planes to prevent the formation of anti-phase boundaries (APBs) 9, 18 , a specially manufactured V-grooved on-axis (001) Si is adopted 19 . The employment of (001)-oriented Si or silicon-on-insulator (SOI) wafers eases the integration of photonic and electronic components in CMOS manufacturing infrastructures.
The complete epitaxial structure on Si is shown in the cross-sectional scanning electron microscope (SEM) in Fig. 1 With room-temperature photoluminescence (PL), effort has been made to minimize the QDs inhomogeneous broadening for the operation of InP-based QD lasers on Si. By capping the InAs QDs using a double-cap procedure and carefully tuning the thickness of each cap layer 21 , the optimized 5-stack QDs on Si exhibit a multi-modal size distribution with the strongest peak centered at 1512 nm and a narrow linewidth of 61.6 meV ( Fig. 2(a) ). This PL FWHM is slightly higher than the state-of-art values of QDs on InP substrates 22, 23 . Moreover, additional tuning of the QDs growth parameters led to an over 4 times stronger peak PL intensity and 1.6 times 6 narrower FWHM than the previous batch of QDs 21 . Here, the multi-modal size distribution is attributed to the non-uniformity of QD sizes 24, 25 , rather than the effects of the stacking process, as evidenced by the multi-peak PL spectrum of single layer QDs in Fig. 2(a) . Nevertheless, inhomogeneous broadening is still observed when stacking these QDs, as evidenced by the narrower FWHM of 47.2 meV for single layer QDs. More studies on the QD size distribution are carried out in Supplementary. The coherent multi-stack QDs on Si, characterized by atomic force microscopy (AFM) in the inset of Fig. 2(a) , present a QD density of ∼4.5 × 10 10 cm −2 . Leveraging the well-developed QDs on high quality InP-on-Si, a diode laser structure containing five layers of InAs/InAlGaAs QDs was grown, showing a smooth surface with root mean square (RMS) value of 1.4 nm and a desirable morphology ( Fig. 2(b) ). With the InAs/InAlGaAs/InP QDs on (001) Si epitaxial laser structure, ridge waveguide edgeemitting lasers was processed by standard photolithography, dry-etch and metallization techniques.
FIG. 2. (a)
The facets were cleaved and left uncoated. Fig. 3(a) schematically shows the diode laser architecture. The "top-top" contact geometry is designed to bypass the defective III-V/Si interface for efficient electrons and holes injection. Thus, a dry-etch process to expose the n-InP layer needs careful optimizations for a good n-type contact. Detailed fabrication parameters are provided in
Supplementary. An overview SEM image of a completed device with 8 μm waveguide width is presented in Fig. 3b . A very clean and mirror-like facet has been achieved, which is essential for minimized cavity loss. Temperature-dependent characteristics were studied for these 1.5 μm diode lasers grown on (001) Si, as the capability to operate at elevated temperatures is a critical criterion for on-chip lasers. Fig.   5 (a) shows a set of LI curves measured from 20 to 85 . A slope efficiency droop and obvious power saturation around 10 mW/facet are noted at 80 . The characteristic temperature T0 is estimated to be 58.7 K (Fig. 5b) , which is a reasonable value for InAs/InAlGaAs/InP QD lasers.
FIG. 4. (a) (b) LIV characteristics for three
The T0 value is anticipated to be dramatically increased by p-type modulation doping 27 . To investigate the wavelength stability, which is another superiority expected from QDs, primary lasing wavelengths versus temperature was also measured (Supplementary Fig. S5 ). An average temperature coefficient 
Supplementary material
See supplementary material for detailed growth and fabrication methods and laser characterizations.
